Abstract
prepared by dissolving the powdered ingredient in distilled water by stirring at 60 ºC 158 for an hour, and then reducing the temperature to 35 ºC. The enzyme and 159 polysaccharide solutions were then mixed together (1:1 v/v) for 2 h, with continuous 160 stirring, to form a solution that contained β-galactosidase (26 U) and -carrageenan (1% 161 w/v). Enzyme-loaded hydrogel beads were prepared using a syringe to drip the 162 β-galactosidase/-carrageenan solution into 10 ml of 5% potassium chloride solution, 163 with continuous stirring. The beads were allowed to crosslink with K + for 1 h at 164 ambient temperature to form hydrogel beads. The beads were then collected by 165 filtration and subsequently washed, with distilled water and phosphate buffer, to 166 remove any excess K + from their surfaces. 167
Measurement of catalytic activity of β-galactosidase 168
The activity of β-galactosidase was assayed, by means of a colorimetric test, 169 using o-NPG as substrate. A solution of o-NPG in phosphate buffer (3 mg/ml) was 170 added to 0.5 ml diluted enzyme solution (26 U): one unit of β-galactosidase is defined 171 as the amount of enzyme hydrolyzing 1 μmol of substrate in 1 min, at operational 172 conditions. The rate of formation of free o-NP was recorded spectrophotometrically 173 (λ= 420 nm), using a 1-cm path length cuvette. The activity was then defined as the 174 conversion rate of the substrate (o-NPG) into the reaction products per unit time and 175 per unit volume (μmol min -1 ml -1 ). 176
Effects of pH and temperature 177
The effect of pH on enzyme activity was established by incubating the enzymes 178 in buffer solutions of pH 2.0-7.0 for 10 min at 25 • C. The effect of temperature on 179 enzyme activity was determined by incubating the enzymes in buffer solutions at 180 25-60 • C for 10 min at pH 7. The activity of the β-galactosidase was then evaluated 181 8 using the procedures described in section 2.2.2, while the particle dimensions and 182 microstructure were measured using the procedures described in section 2.2.5. 183
Effects of solution composition 184
The influence of immobilization on the activity of the β-galactosidase was 185 established by comparing three samples: free enzyme, enzyme trapped within 186 hydrogel beads and free enzyme mixed with preformed hydrogel beads. The final 187 concentration of these three systems was kept constant so that direct comparisons 188 could be made. In addition, the influence of mineral ions (1% potassium chloride, 5% 189 potassium chloride or 5% calcium chloride) on the activity of the β-galactosidase was 190 measured. The catalytic activity of the β-galactosidase in all these systems was 191 determined by the methods described in section 2.2.2. 192
Measurement of bead dimensions 193
The diameter of the hydrogel beads after incubation at different pH values and 194 temperatures was measured using a digital micrometer (0-300 mm, EC10, High 195 Precision Digital Caliper, Tresna Instruments, Guilin, China). The bead diameter of at 196 least 5 individual beads was measured, and the mean and standard deviation was 197 calculated. 198
Enzyme retention and release 199
The ability of the hydrogel beads to retain the enzyme was determined by 200 immersing them in PBS buffer (2 mM, pH 7) at room temperature, and then 201 measuring the concentration of β-galactosidase in the surrounding aqueous phase at 202 various time intervals (0-8h). The enzyme leakage was determined by withdrawing 203 the surrounding phosphate buffer and recording the absorbance at 280 nm, using a 204 UV-visible spectrophotometer. The protein content was quantified using a standard 205 
Microstructure analysis 210
It was not possible to measure the microstructure of the hydrogel beads formed 211 using the simple syringe, since they were too large. We, therefore, prepared small 212 carrageenan hydrogel beads loaded with β-galactosidase using a commercial 213 encapsulation unit (Encapsulator B-390, BUCHI, Switzerland) and the same solution 214 conditions described in section 2.2.1. The microstructure of all systems were 215 examined using a confocal scanning laser microscope with a 20 × objective lens 216 (Nikon D-Eclipse C1 80i, Nikon, Melville, NY, U.S.). For the confocal microscopy, 217 samples were dyed prior to particle formation. The β-galactosidase was dyed with 218 fluorescein thiocyanate isomer I (FITC) solution (1 mg/ml dimethyl sulfoxide) by 219 adding 0.1 ml of FITC dye solution to 2 ml of sample and storing at 5 °C overnight. 220
The excitation and emission spectrum for FITC were 488 nm and 515 nm, 221 respectively. The microstructure images for confocal microscopy were taken and 222 analyzed using image analysis software (NIS-Elements, Nikon, Melville, NY). 223
Statistical analysis 224
All experiments were carried out in triplicate using freshly prepared samples. 225
Means and standard deviations were calculated from a minimum of three 226 measurements using Excel (Microsoft, Redmond, VA, USA). 227 The encapsulation efficiency has been defined as the percentage of enzyme trapped 247 within the hydrogel beads in relation to the total amount of enzyme present during bead 248 formation, and is an important parameter affecting the performance of the 249 immobilization methods. In the current study, the amount of β-galactosidase trapped 250 inside the hydrogel beads immediately after formation was around 63%. This suggests 251 that a considerable amount of the enzyme was able to diffuse out of the beads before 252 they had time to harden during the preparation procedure. 
Results and discussion

pH Stability 262
The activity of free and encapsulated β-galactosidase as a function of pH was 263 determined (Fig. 1a) . In this study, pH values from 2 to 7 were selected to cover the 264 range of solution conditions that might be found in commercial food products or within 265 the human gastrointestinal tract. Both the free and encapsulated β-galactosidase had a 266 maximum catalytic activity around pH 7, which indicated that immobilization within 267 the hydrogel beads did not alter the optimal pH of this enzyme. The enzyme activity 268 decreased markedly when the pH was reduced, and was almost completely lost within 269 the pH range from 2 to 4. This effect can be attributed to changes in the 270 three-dimensional structure of the enzyme when the pH is reduced, which leads to 271 alterations in the morphology and surface chemistry of the active site. These results 272 indicate that the hydrogel beads could not prevent acid-induced loss of β-galactosidase 273 activity. We postulate that the small H + ions could readily diffuse into the 274 enzyme-loaded beads through the pores within the hydrogel matrix and were, 275 therefore, still able to alter the properties of the active site. 276
Despite being unable to protect the enzyme from acid-induced loss of activity, 277 encapsulation of the β-galactosidase in the hydrogel beads did lead to an appreciable 278 increase in its performance under moderate pH conditions, for example, the activity of 279 the free and encapsulated enzymes was around 63 and 266 μmol min -1 ml -1 at pH 7, 280
respectively. This increased activity of the encapsulated form may be due to the 281 presence of potassium ions (K + ) in the hydrogel beads. It has been reported that 282 potassium ions are required for the proper functioning of this enzyme (Wheatley, 283 Juers, Lev, Huber, & Noskov, 2015). Potassium ions were used to cross-link the 284 carrageenan molecules during the preparation of the hydrogel beads, and there are 285 likely to have been some free K + ions that were able to interact with the enzyme in 286 this system. In contrast, potassium ions were not added to the system containing the 287 12 free enzyme. Studies have also shown that the activity of β-galactosidase may be 288 altered by the presence of divalent cations, such as Mn 2+ and Mg 2+ (Wheatley, Juers, 289 Lev, Huber, & Noskov, 2015). Further insights into the influence of the ionic 290 environment on the activity of the β-galactosidase was therefore obtained by 291 measuring its catalytic activity in different solutions, which is discussed in section 3.3. 292
Temperature stability 293
The thermal stability of β-galactosidase was investigated by measuring its residual 294 activity after incubation at temperatures ranging from 25 to 60 ºC (Fig. 1b) . 295
Encapsulation of β-galactosidase in the hydrogel beads led to a noticeable increase in 296 its thermal stability compared to the free enzyme. For example, the free enzyme was 297 totally deactivated after 10 min incubation at 37 °C, while the encapsulated one still 298
showed high catalytic activity. This result may again have been due to differences in 
Influence of an ionic environment on β-galactosidase activity 310
The activity of β-galactosidase was highly sensitive to the nature of the ionic 311 environment (Fig. 2) . The free enzymes in buffer solution containing no added K + 312 ions was much lower (19 μmol min -1 ml -1 ) than the free enzymes in buffer solution 313 containing 1% K + ions (59 μmol min -1 ml -1 ) or 5% K + ions (73 μmol min -1 ml -1 ), 314 13 which confirms the ability of potassium ions to enhance the activity of 315 β-galactosidase. Encapsulated β-galactosidase had a higher hydrolytic activity (53 316 μmol min -1 ml -1 ) than the non-encapsulated enzyme in the presence of the hydrogel 317 beads (41 μmol min -1 ml -1 ). These results suggest that encapsulation may have 318 contributed to the improved activity of the enzyme, since both of these systems had 319 the same overall composition. The origin of this effect may be due to the fact that 320 there was a higher local concentration of potassium ions surrounding the enzyme in 321 the hydrogel beads. The lower activity of the enzymes trapped in the hydrogel beads 322 (53 μmol min -1 ml -1 ) compared to the free enzymes in 5% K + solution (73 μmol min -1 323 ml -1 ) can be attributed to the fact that some of the potassium ions were held within the 324 electrostatic salt bridges between the carrageenan molecules in the beads. 325
Carrageenan hydrogel beads will have pore sizes that are appreciably larger than 326 the small ions, substrates, and products used in this study. This observation is 327 consistent with the yellowish appearance of the hydrogel beads after the reaction had 328 taken place, which suggests that o-NP formation occurred within the hydrogel matrix 329 (Fig. 3) . This result indicates that the reagent (o-NPG) could diffuse from the bulk 330 solution into the beads. It is interesting to note that the β-galactosidase was totally 331 inactive in the presence of Ca 2+ ions, which suggests that calcium ions inhibited 332 enzyme hydrolysis of the substrate. Previous studies have also shown that Ca 2+ ions 333 can inhibit β-galactosidase activity (Demirhan, Apar, & Ozbek, 2008) . This effect 334 might be due to the fact that Ca 2+ induces changes in the conformation or aggregation 335 state of the enzyme that lead to a loss of activity (Garman, Coolbear, & Smart, 1996) . 336
Consequently, biopolymers that are cross-linked by calcium ions may be unsuitable as 337 encapsulating agents for this type of enzyme, for example, calcium alginate, pectate, 338 or γ-carrageenan hydrogels. In general, different types of ions may have different 339 influences on hydrogel formation and enzyme activity, and it will therefore be 340 14 important to ensure that any ionic cross-linking agent does not lead to an undesirable 341 loss of enzyme activity. 342
Influence of temperature and pH on bead integrity 343
For commercial applications, it is important to understand the influence of 344 environmental conditions on the integrity of the hydrogel beads, as this will influence 345 their stability during the manufacturing process, within products, and in the 346 gastrointestinal tract after ingestion. Therefore, the influence of pH and temperature 347 on the integrity of the carrageenan hydrogel beads was measured. The beads were 348 separated from the hardening solution and then placed into a series of continuously 349 stirred buffer solutions, with different pH values or at different temperatures (25-60 350 °C) for 30 min before each measurement. The bead dimensions remained relatively 351 constant when they were incubated in solutions ranging from pH 3 to 7, but decreased 352 slightly when they were incubated at pH 2 (Fig. 4a) . Previous studies have reported 353 that the 1,3-glycosidic bonds of carrageenan may be dissociated by acidic hydrolysis, 354 which could lead to partial degradation of the carrageenan hydrogels (Qiu & Park, 355 2012 ). This phenomenon would lead to the release of bioactive agents from 356 carrageenan beads under the acidic environment of the stomach, and would limit the 357 application of these beads for intestinal or colon delivery. 358
Measurements of the influence of temperature on the dimensions of the beads 359 showed that they were relatively large after incubation at 30 to 45 °C, but that they 360 shrank appreciably after incubation at 50 to 60 °C (Fig. 4b) . The observed reduction 361 in the size of the beads at high temperature may be due to several reasons. 
